Numerous epidemiological and laboratory investigations have demonstrated that non-steroidal anti-inflammatory drugs (NSAIDs) exert chemopreventive effects against breast cancer due to their activity against cyclooxygenase (COX), the enzyme that responds to tissue damage by producing inflammatory prostaglandins. Recent laboratory and animal investigations have suggested that a second group of anti-inflammatory compounds, those that inhibit lipoxygenase (LOX)-catalyzed products of the leukotriene cascade, may also have potential for breast cancer chemoprevention and therapy. Therefore, in this study, a case-control investigation was conducted to examine the independent and combined effects of COX and LOX inhibitors in the prevention of breast cancer. A total of 611 incident breast cancer patients were identified and they were compared to 615 cancer-free controls, group-matched to the cases on age, race and county of residence. Data on the past and current use of medications and breast cancer risk factors were ascertained using medical records and a risk factor questionnaire. The results revealed risk reductions for COX (OR, 0.38; 95% CI, 0.27-0.54) and LOX inhibitors (OR, 0.52; 95% CI, 0l.32-0.82). Notably, their combined use produced the greatest risk reduction (OR, 0.26; 95% CI= 0.11-0.65). On the whole, the findings of this study suggest that combinations of compounds with independent effects against COX and LOX have a stronger potential to prevent breast cancer than do the individual compounds.
Introduction
Chronic inflammation of the mammary epithelium may result from tissue damage, leading to the sustained overexpression of cyclooxygenase (COX) and biosynthesis of inflammatory prostaglandins from arachidonic acid. This inflammatory environment may stimulate key components of mammary carcinogenesis (mitogenesis, mutagenesis, angiogenesis, reduced apoptosis, immunosuppression and metastasis), potentially leading to the development of breast cancer. Reciprocally, agents that inhibit COX reduce the risk of breast cancer (1, 2) . Lipoxygenase (LOX) enzymes also create an inflammatory environment by catalyzing the conversion of arachidonic acid to inflammatory eicosanoids, principally hydroperoxy-eicosatetraenoic acid (HPETE) and leukotrienes. The overexpression of LOX promotes the development of certain autoimmune conditions (rheumatoid arthritis) and allergic reactions (asthma). Accumulating evidence from laboratory and animal studies suggests that the overexpression of LOX promotes carcinogenesis, and reciprocally, agents that inhibit the LOX cascade interrupt cancer development (3) (4) (5) (6) .
Notably, a recent investigation of gene expression data in tissue samples from 1,090 cases of invasive breast cancer from The Cancer Genome Atlas (TCGA) revealed that genes encoding COX-1 and COX-2, and two LOX proteins, arachidonate lipoxygenase-5 (ALOX-5) and ALOX-5-activating protein (ALOX-5AP), were expressed in all subtypes of breast cancer. In addition, the expression levels of these inflammatory genes were highly correlated with the expression levels of 18 tumor promoting genes with documented involvement in mammary carcinogenesis. Inflammatory genes were also highly correlated with CYP-19 P-450 arom (aromatase) in all breast cancer subtypes, suggesting the importance of sustained paracrine estrogen biosynthesis in breast cancer development (7) .
To the best of our knowledge, only one known previous human study has reported the effects of LOX inhibitors on breast cancer risk among women and it examined only subjects with asthma (8) . This nested cohort study conducted in Taiwan found that among women with reported asthma, the use of certain LOX inhibiting drugs [cysteinyl leukotriene receptor antagonists (LTRAs)], significantly reduced their risk of breast cancer as well as their overall cancer risk. The investigators reported that, at a given time, for every 31 cancer cases identified in the LTRA treatment group, there were 69 in the untreated group. Their findings for breast cancer were stronger. Stratifying on the type of cancer, they found that for every 9 breast cancer cases among the LTRA-treated group, there were 91 among the untreated group [hazard ratio (HR), 0.09; 95% confidence interval (CI), 0.03-0.26] (8).
An emerging consensus in the field of chemoprevention is that the complexities of the carcinogenic process will require a combination of agents targeting multiple pathways involved in the inflammogenesis of breast cancer to achieve optimal efficacy. Nevertheless, there are no known human studies on the effects of LOX inhibitors or the combined use of COX and LOX inhibitors on breast cancer in the general female population. Therefore, herein, an epidemiological case-control study was conducted to investigate the association of breast cancer risk with exposure to compounds that modulate either the COX or LOX cascades, or both.
Patients and methods
Patients. A total of 611 cases of invasive breast cancer with histological verification based on the review of the pathology records, and 615 group-matched controls with no personal history of cancer and no current breast disease based on screening mammography were examined. Cases were interviewed at the time of their diagnosis during 2003 through September, 2004 at The Arthur G. James Cancer Hospital and Richard J. Solove Research Institute, Columbus, Ohio. The controls were patients at the mammography service of the cancer hospital during the same time period and frequency matched to the cases by 5-year age interval, race and place (county) of residence. Screening mammography findings were normal for all controls. The study was approved by The Ohio State University Medical Center Institutional Review Board (IRB) and conducted in full compliance with ethical standards of the US National Institutes of Health for human medical research. Written informed consent was obtained from each study participant to provide information for analysis and publication of results.
Information on COX-and LOX-modulating agents and other factors was obtained utilizing medical records and a standardized risk factor questionnaire. The questionnaires were administered in person by trained medical personnel prior to definitive surgery or treatment for the cases and at the time of screening mammography for controls. The data variables collected consisted of demographic characteristics, height, weight, menstrual and pregnancy history, family history of breast and ovarian cancer, comprehensive information on cigarette smoking, alcohol intake, pre-existing medical conditions (arthritis, chronic headache, cardiovascular conditions including hypertension, angina, ischemic attacks, stroke and myocardial infarction, lung disease, and diabetes mellitus), and medication history including over the counter and prescription agents.
The usage patterns of COX and LOX modulating agents (frequency, dose and duration) and the type were recorded for each participant. The COX inhibitors included compounds selective for COX-2 (celecoxib, rofecoxib and meloxicam) and non-selective (COX-1 or COX-2 or both) non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, ibuprofen, naproxen and indomethacin. The LOX-modulating agents prescribed for the treatment of asthma included zileuton, an inhibitor of 5-lipoxygenase, bestatin, an inhibitor of leukotriene B4, the leukotriene receptor antagonists, pranlukast, montelukast and zafirlukast, as well as theophylline and cromolyn sodium. Since the frequency of using LOX-modulating medications was low (approximately 10%), exposure to these compounds was investigated by pooling the use of any of them. Statistical analysis. Case-control differences in means and frequencies were examined for statistical significance by t-tests and Chi-square tests, respectively. Logistic regression was used to estimate odds ratios (ORs) to quantify the association between the pre-diagnostic use of COX and LOX inhibitors, separately and together, with breast cancer risk. The ORs were adjusted for age and classic breast cancer risk factors (parity, family history, body mass, menopausal status, chronic smoking and regular alcohol intake). Estimates of the independent effects of COX or LOX inhibitors also were adjusted for each other (9, 10) .
Results
The pertinent characteristics of the cases and controls are presented in Table I . The cases exhibited higher frequencies of nulliparity, a family history of breast or ovarian cancer and estrogen replacement therapy in post-menopausal subjects. As expected, (due to group matching), the cases and controls had similar distributions of age, race and education. The comparative frequencies of the COX and LOX modulating agents under study with adjusted ORs and their 95 CIs are shown in Table II . In the table, the numbers of cases and controls using both COX and LOX inhibitors are shown separately from those using only individual compounds.
Risk reductions were found for COX (OR, 0.38; 95% CI, 0.27-0.54; P<0.001) and LOX inhibitors (OR, 0.52; 95% CI, 0.32-0.82; P<0.01). Notably, the combined use of COX and LOX inhibitors produced the greatest risk reduction (OR, 0.26; 95% CI, 0.11-0.64; P<0.01). These results are illustrated in Fig. 1. In Fig. 1 , the ORs with 95% CIs were converted to percentage risk reductions by subtracting estimates from 1.0 and multiplying by 100. Estimates were similar with and without adjustment for potential confounders and among subgroups by menopausal status, the use of estrogen replacement therapy and family history.
Discussion
In this case control study, it was found that the separate use of either COX or LOX inhibitors reduces breast cancer risk. In addition, in this first known study to evaluate the joint effects of these anti-inflammatory agents, their combined use produced a greater effect than their individual use.
The findings of this study for LOX inhibitors are consistent with those of previous molecular studies, suggesting that the overexpression of leukotrienes and leukotriene receptors are associated with prominent features of mammary carcinogenesis, including cell proliferation, angiogenesis, reduced apoptosis and metastasis (11, 12) . For example, leukotriene B4 (LBT4) is a major inflammatory factor in the ALOX-5 cascade that modulates inflammatory and carcinogenic effects through two cell membrane receptors, BLT1 and BLT2. Elevated levels of LBT4 and its receptors have been observed in cancerous tissues of breast cancer, as well as in numerous other human malignancies including colon cancer, prostate cancer, ovarian cancer, renal cancer, pancreatic cancer, esophageal cancer, lung cancer and neuroblastoma (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
The results of this study are also supported by those of previous preclinical studies demonstrating that leukotriene inhibitors, a therapeutic category that includes the asthma medications montelukast (Singulair ® ), zafirlukast (Accolate ® ), zileuton (Zyflo ® ) and ubenimex (bestatin), inhibit tumors of the lung, esophagus and colon (26) (27) (28) (29) . Finally, to the best of our knowledge, the only known human study to examine the effects of leukotriene inhibiting asthma medication found an overall reduced risk of cancer, in general, as well as of breast cancer, in particular; however, this study was limited to asthmatic patients (8) .
The breast cancer risk-reducing properties of COX inhibitors observed herein are consistent with a large body of previous literature demonstrating the cancer risk-reducing properties of these agents (1) (2) (3) (4) . The results for COX inhibitors in the present study have been previously reported in more detail (30) . In brief, effects were observed for selective inhibitors of COX-2, such as celecoxib (OR, 0.15; 95% CI, 0.08-0.28) and non-selective over the counter agents, such as aspirin and ibuprofen (OR, 0.43; 95% CI, 0.25-0.55).
This study has two limitations. First, this study did not include the conditions for which the COX and LOX medications were used. This information is necessary to determine whether the findings are attributable to the medication per se or the causes for which the medication was administered. For example, it has been shown that allergies and hay fever, which are related to asthma risk, are associated with a reduced risk of breast cancer (31) . Possibly, of greater concern for interpreting the findings of this study, is that the same study found an inverse association between asthma and breast cancer risk among premenopausal women. The second limitation is that the sample size in this study was too small to evaluate the effects of individual medications. Further studies using larger sample sizes are required to investigate independent and joint effects of these inflammation-inhibiting compounds.
In conclusion, this study observed significant reductions in the risk of human breast cancer with the intake of agents that inhibit the COX and LOX inflammatory cascades. The greatest risk reduction (74%) was observed with combined use of agents that inhibit both COX and LOX. The findings of this study suggest that combining agents that inhibit both the COX and LOX inflammatory cascades has strong potential for breast cancer chemoprevention. Nevertheless, the risk-benefit ratio of combining COX and LOX inhibitors for chemoprevention has yet to be determined and the results must therefore be judiciously considered. The novel findings of this study thus require replication.
